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THE MFTF 230 kV PULSED POWER SUBSTATION*

John H. Wilson
Lawrence LiverMore Laboratory

Livermore,CA 94550
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INTRODUCTION 230-kV substation is also being built at LLL.~ The
constraints of cost, equipment protection, short

The Mirror Fusion Test Facility (MFTF) currently operating lifetime (10 years), and reliability

under construction at the Lawrence LiverMore dictated a unique substation design. Its unusual

Laboratory includes a Sustaining Neutral Beam Power
features include provisions for fast fault detection

SupPly System (SNBPSS) consisting of 24 power-supply and tripping, a capability for limiting ground fault

sets. The System will operate in long pulses current, low impedance,and economical design.

(initiallY .5 seconds and eventuallY 30 seconds) at
9 high power (200 N), which will necessitate a large

source of ac power. To meet this requi remen’t,a new
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Fig. 1 Lawrence Livermore LaboratoryMFTF Pulsed AC Power System

*Work performed under tha auspices of the U.S.
Department of Energy by the Lawrence LiverMore
Laboratory under contract number W-7405-ENG-48.

**The ar~hitecture/engineeringfirm of Daniel, Mann,
Johnson, and Mendenhall (DMJM), Figure 2, was
retained to provide engineering,design, and drawing
smcification DreDarationfor the substation. The
constructioncont~actor is Scott-ButtnerCorporation
of Oakland, CA.
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Load Requirements of the Power Supply System

The total load of the SNBPSS is 225 MVA for 30
seconds in a pulse every 5 minutes. The Accel OC
Power Supply (AOCPS) is 212 MVA load (supplied at
13.8 kV) and the rest of the SNBPSS presents a load
of 13 MVA (supplied at 480 V). In addition, a
Startup Neutral Beam Power SupPly System receives
5200 kVA of 480-volt power in a 5-seconds-on
5-min-off duty CYC1e. The total load is thus 230MVA
for 5 seconds and 225 MVA for the next 25 seconds,
with the 30-second duty cycle repeated at 5 minute
intervals. The MFTF Pulsed AC Power System s,ingle
line diagram is shown as Figure 1.
MFTF Pulsed ac Power System

● To meet the large ac power requirementsfor this
system, the substationwill receive the power’from a
new PG & E 230-kV transmission line and step it down
to 13.8 kV. Figure 2 shows the electrical

9 arrangementof the substation.

v

Switchqear 230 kV

The 230 kV switchgear is an S&C, Inc., Circuit
Switcher. Ratings of the circuit switcher are:

Nominal voltage, kV
Maximum voltage, kV
Continuous current, A rms
Three-secondcurrent, A rms
Momentary current, A rms
Fault closing current, A crest
Interruptingcurrent, A rms

Primary
Secondary

Basic Impulse Level (BIL), kv
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Fig. 2 ElectricalArrangement of the 230-kV Pulsed Power Substation



Lightning Arresters

The design includes 192 kV GE Tranquell lightning
arresters. Note that one set of 1ightning arresters
is used to protect both 230 kV transformers. This is
not the ccsnnonpractice, but there are two reasons
for it in this case. First, lightning strokes are
very rare in the Livermore Valley. Also, it is
expected that most lightningpulses or switching
surges will arrive via the 230 kV transmission line,
since it is exposed for a long distance. Second, the
substation is provided with a lightning-shieldwire
assembly suspended by four 45-foot towers (two of
which are part of the 230-kV takeoff structure).

a Stepdown Transformers
The substation’smost importantcomponents are

two Westinghouse 230-kV to 13.8-kV A-Y stepdown
transformers. Each of these transformers is rated 60

● MVAOA (self-cooled)continuous and can be loaded to
approximatelya 120 MVA peak. The transformerswere
specified for pulse loading at the levels given above
and also for 60 MVA continuous loading in case the
Laboratory has future use for the transformers. The
continuous rating should also enhance their value as
used apparatus when the MFTF experiment is
concluded. For the same reasons, the transformers
were built with provisions for future forced-air
forced-oil cooling. The high-voltagewinding BIL is
750 kV, with bushing BIL of 900 kV.

Metal-clad Switchgear

Each stepdown transformerfeeds a metal-clad,
13.8-kV switchgear assembly consisting of a metering
compartment,two 13.8-kV circuit breakers, and two
13.8-kV load-interrupterswitches. Insofar as
possible, all protective and control devices are
mounted in the switchgear assembly. Ratings of the
switchgear devices are:

Nominal voltage, kV 13.8
Bus current, A 3000
Nominal 3-phase MVA class 750
BIL, kV
8reakerS current, amp 20::
Load InterrupterSwitch current, A 600
Fuse rating 175E/200X
Impedance and Voltage Requiremen~

Because proper performanceof the accel dc power
supplies requires low impedanceof the 13.8-kV
system, its short-circuit-currentlevel was the
limiting factor in the choice of transformer
impedances. The current rating of 600-A
load-interrupterswitches is 40,000-A
asymmetrical-faultcurrent. At the range of voltages
which will appear in the 13.8-kV system, the ratings
of the 750-MVA circuit breakers are 29,800 amperes
interruptingand 58,000 amperes rms mcmentary. The
transformer impedancewas chosen and the fault
current calculated in accordancewith ANSI C37.010.1

l~erican National Standards Institute, APPlication
Guide for ac High-VoltageCircuit Breakers Rated on a

etrical-Current Basis, PubllcatlonNo.
.-.

The voltage in the PG & E 230-kV system could
vary frcm 225 to 235 kV. 8ecause of PG & E’s
power-factorcorrection requirements,voltage
regulation is not a problem in this substation. The
ADCPS load is overcompensatedfor power-factor
correction to maintain unity power function at the
230 kV terminals and is, therefore, a source of
reactive power. Computer anaylsis (by SRI, Inc.,
performed under subcontractto Aydin, the supplier of
the power supply system) shows a voltage rise of
approximately2% when all 24 accel power supplies are
turned on to their full load value.

Operation Controls

All controls for operating the substation are
mounted on the 13.8-kV switchgear assemblies and
allow a local operator to place the substation in
service or take it out of service. However, there
are alarms in the MFTF control room to indicate relay
trips and high transformer temperatures. PG & E
requires that kilowatt-hourpulses and analog
kilowatt-hoursignals be telemeteredto its dispatch
center in San Francisco. In addition, the telephone
lines leased for this purpose include a voice
communicationlink between the MFTF operator and the
PG & E load dispatcher,and an alarm channel through
which PG & E can alert the MFTF operator and cmnputer
to any problem requiring MFTF to shut down.

Fault Protection

Because of the high cost and long repair time for
the substationcomponents, as wel1 as the hazard to
personnel causedby the high energy available in a
short circuit, considerableeffort was put into the
design and coordinationof the protectiveequipment.
Protective equipment, in this case, means fault
detection equipment (protectiverelays) and
interruptingequipment (circuit breakers, fuses, and
circuit switchers).

Transformers

All transformerprc/tectivedevices trip through
four lockout relays. Lockout relays 86-1 and 86-2
are for primary and backup protection,respectively,
of transformerno. 1000, and lockout relays 86-3 and
86-4 provide primary and backup protection,
respectively,for transformer2000. The
primary-lockoutrelays are tripped by the
transformer-differentialrelays and
ground-differentialrelays. The backup-lockout
relays are tripped by the transformer’s primary
time-overcurrentrelay and its neutral
instantaneous-overcurrentrelay. Note that the
transformer’sneutral-overcurrentrelay trips via a
time-delayrelay, which allows time for the feeder
ground-faultrelaying to trip first in the event of a
feeder ground fault. The transformer’s
sudden-pressurerelay also trips the backup-lockout
relay. All four lockout relays trip the 230-kV
circuit switcher. In each transformerprimary
circuit, instantaneous-overcurrentrelays are
provided. These relays block tripping of the S & C
230-kV Circuit-Switcherin the event of a fault of
such high magnitude that it would exceed the rating
of the circuit switcher; for example, a
phase-to-phasefault in the primary winding or a
bushing-to-bushingfault in the transformer.

Accel DC Power Supply

For the breakers feeding the ADCPS, the primary
protective devices are instantaneous-and-time-
overcurrentrelays for phase fault protection,and



neutral-overcurrentrelays tripping through timing
relays for ground-faultprotection. The timing
relays are provided because each ADCPS includes an
instantaneousground-detection relay. The timers
ensure that the relay in the ADCPS has a chance to
trip for faults therein. The fceder relays are
backed up by the transformer’sprimary phase
overcurrent and neutral-overcurrentrelays. Fig. 3
shows the breakers and relay time-current
coordinationfor the AOCPS Feeders.

‘i
\

Fig. 3 AOCPS Feeder Coordination

Feeders to 480-V Stepdown Transformers

Phase-faultprotection for the four
load-interrupterswitches which feed the stepdown
(13.8 kV to 480 volt) transformers is provided by
current-1imiting power fuses. Protectionfrom ground
faults is provided by instantaneousground-detection
re1ays. Because the load-interrupterswitches are
too SIW to be protective devices, the
ground-detectionrelays trip the 230-kV circuit
switcher. This does involve a loss of selectivity in
that it trips more of the substation than necessary,
but the alternativewould have been to use circuit
breakers for these two relatively lightly-loaded
feeders, at a cost approximatelyten times that of
the load-interrupterswitches. The transformer
feeders’ fuses and ground-detection relays are backed
up by the 60-MVA transformer’sprimary
time-overcurrentand neutral-overcurrentrelays.

e Figs. 4 and 5 shw the time-currentcoordinationfor
these feeders.

●

1

h-1-1s., N&l

L

Fig. 4 Unit SubstationFeeder Coordination

I 1

F

L
-w- \!

a 90 m *M mu Sc9 1000 m
-h-

Fig. 5 Unit SubstationFeeder Coordination

PG & E Revenue Metering

A watt hour meter, a magnetic tape recorder for
demand metering, and telemeteringequipment wi11 be
provided by PG & E along with associatedpotential
and current transformers. In addition, an



elapsed-timemeter (shown on the single line diagram)
will be used by PG & E to bill for the transformer’s
no-load losses.

Environmentaland Physical Requirements

Figure 6 shows the substation layout. The
objectives of this layout were twofold; flexibility
and compactness to minimize costs of buses and
raceways and to conserve Laboratory real estate. Two
main options in the design are, first, that roan was
allowed in the primary buswork feeding each
transformerfor individualcircuit switchers and
second< that room was provided for a third possible
future transformer and switchgear assembly.

●

Weather and Seismic Stresses

The Livermore site is a fairly severe envirotmlent
● for several reasons. Ambient temperaturesare often

very high, with llOoF during the summer day being
reasonably cormnon. The site is in a very dusty area
and the wide temperature variationsfrom daytime high
to nighttime low help promote condensationwithin the
equipment. Several times a year fog forms which
provides additionalopportunityfor condensation
problems. All the equipment associatedwith the
SNBPSS, including the substationequipment, is
specified to operate in a temperaturerange from
2(3OF to 1200F- Outdoor equipment is specified to
operate properly when fully exposed to the sun and in
rain and fog. The MFTF project’s seismic guidelines
require all vendors to confirm by calculationsthat
their equipment wil1 not cause a hazard during an
earthquake, The switchgear is constructed in a
standard outdoor non-shelter-aisleenclosure with
gasketed doors. All other outdoor equipnent is in
NEMA 4 (water-tightand dust-tight)enclosures (where
they are available) and all such enclosures are
provided with space heaters.

Supporting Structures

The takeoff structure which deadends the PG & E
230-kV line is designed for a slack span at 1000 lbs
tensiom. PG & E’s requirementswere for a minimum of
16 feet clearance from conductor to conductor. The
lightning arresters and insulators are supported on
steel columns. DMJM performed seismic analysis of
all these structures to ensure that they conform with
MFTF requirements.

,-

●

Grounding

The grounding system for the substation is a
fairly conventionalgrid with ground rods at frequent
intervals. The specificationsfor the substation
required a ground resistance no higher than 1 ohm.
DMJM’s calculations showed that this would be nearly
impossibleto realize in practice because of the very
high soil resistivity at the Livermore site,
especially during sumner when the interval between
rains may be seven or eight months. After the
substation is in place, the grounding system will be
tested (including measurement of the resistance to
distant ground) to evaluate its performance and to
check for hazards.

Personnel Safety Codes and Standards

The substation is being designed in accordance
with the applicableCalifornia electricalcodes and
building standards and also in accordancewith the
applicable industry standards from ANSI, NEMA, and
IEEE.

Fire safety precautions include the oil sumps
mentioned above and hydrants at the perimeter of the
substation. For safe nighttime access, the
substationwill be illuminatedto an intensityof two
footcandles over the entire area.

The substationyard is covered with four inches
of crushed rock to limit step and touch voltage, and
to provide a walking surface with low-conductivity
for personnel safety. Oi1 sumps consisting of a
4-inch layer of large-diametercrushed rock are
provided under each of the 60 MVA transformers. In
the event of a transformertank rupture, the oi1
sumps wil1 prevent the oi1 frcm spreading and the
crushed rock will cool and extinguish any oil fire.
Each of these sumps can contain the entire quantity
of oi1 stored in one transformer. An area at the
western end of the substation, (reservedfor another
transformerand switchaear assemblvwhich mav be
added 1ater) wi11 not have crushed-rock.
grounding system will be continued through
only enough to tie it to the adjacent acce’
de-power-supplysite-groundingsystem.
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Fig. 6 Physical arrangementof the 230-kV Pulsed Power Substation


